Inverted opal Ce-doped silica glasses (Ce : Si molar ratio 1 · 10 −3 ) were prepared by a sol-gel method using opals of latex microspheres as templates. The rare earth is homogeneously dispersed in silica host matrix, as evidenced by the absence of segregated CeO 2 , instead present in monolithic Ce-doped SG with the same cerium content. This suggests that the nanometric dimensions of bridges and junctions of the host matrix in the inverted opal structures favor the RE distribution avoiding the possible segregation of CeO 2 .
INTRODUCTION
Luminescent rare-earth (RE)-doped silica glass (SG) materials are employed in many applications for optical devices. In particular, Ce 3+ -doped SG is a promising material to be used as a scintillator for the detection of X-rays, γ-rays, or neutrons [1, 2] and tunable solid state lasers operating in the near-UV, violet, and blue regions [3, 4] . Notable properties of luminescent Ce 3+ ions are the fast decay time and the high efficiency of the allowed 5d-4f transition in the UV-visible region.
SG hosts for luminescent centers are alternative to crystalline systems, owing to their attractive characteristics as low cost, flexible shape, and possible employment in fiber technology. A possible drawback is the presence of point defects and OH groups in the matrix, which cause an increased nonradiative deactivation rate through the creation of multiple vibrational quanta of the OH stretching vibration, lowering the energy transfer efficiency from the host glass to the emission centers [5] . In order to synthesize high-purity glasses, embedding controlled amounts of RE activator ions, the solgel technique can be used instead of conventional quenching of oxide melts [6] [7] [8] . In fact, according to this method, the precursor reactions and the thermal processes for glass densification occur at lower temperatures, in principle avoiding or lowering the probability of point defects in the glass.
A second drawback of RE-doped SG, which unfavorably affects the luminescence yield, is the ions aggregation due to the poor solubility of RE cations in the glass matrix. When the RE concentration increases, the interionic distance becomes comparable to the critical distance, at which the radiative decay probability equals the energy transfer rate, leading to nonradiative processes [9] . Besides, in the case of Ce 3+ doping, also the oxidation to nonluminescent Ce 4+ can lead to the segregation of nanocrystalline CeO 2 in the glass matrix, causing significant luminescence quenching [8, 10] .
In order to embed Ce 3+ ions into the glass matrix, avoiding ion aggregation and CeO 2 segregation, codoping of SG with different heteroatoms was demonstrated to be a good tool to produce highly efficient optical materials [11, 12] , creating a different solvation structure [13] and a preferential coordination of the codopant around RE ions. Our recent study on Ce-doped boro-(BSG), phospho-(PSG), and borophosphosilicate (BPSG) glasses demonstrated that the Ce 3+ emission yield was enhanced in PSG and BPSG with respect to SG and BSG, because of the coordination of P=O groups. These are located in phosphoryl [O=PO 3 In the frame of the research on new luminescent materials with novel and tunable optical properties, intensively pursued by industry and university laboratories, many efforts have been made in the field of the synthesis of porous materials [14] [15] [16] [17] [18] [19] with different pore sizes and ordered nanoscale architectures, where RE luminescent centers are embedded into the matrix or grafted onto the pore walls. In this paper, we focused our attention on the porous and nanosized host structures of SG inverted opals; a material built by nanosized bridges and junctions around a regular and compact arrangement of air spheres. Many glasses and ceramics have been prepared as opal and inverted opals [20] , in particular for their properties of photonic crystals with a luminescent probe inside the pore, or embedded in the matrix [18, 19] .
In the present work, inverted opals of Ce-doped SG (Ce : Si molar ratio 1 · 10 −3 ) were synthesized by a sol-gel method, using latex opals as templates. The aim was to study the influence of the ordered porosity and the nanoscale dimensions of the glass matrix on the stabilization and dispersion of the RE luminescent centers, aiming to improve the Ce 3+ dispersion in the host glass matrix and to lower the oxidative CeO 2 segregation observed in SG [10, 11] .
The structure of the inverted opal architecture and the possible occurrence of crystalline CeO 2 phase were investigated by scanning electron microscopy (SEM) and highresolution transmission electron microscopy (HRTEM). Electron paramagnetic resonance (EPR) was used to get information about the environment of paramagnetic Ce 3+ ions embedded in glass. Finally, the luminescence properties were verified by measuring the emission decay curve of the Ce 3+ 4d-5f transition.
EXPERIMENTAL
The colloidal suspension of polstyrene latex microspheres (350 nm diameter) in water (2.5 wt%) was from Alfa Aesar. Polystyrene opal was first prepared by centrifugation (3 h, 2000 rpm) of the colloidal microsphere aqueous suspensions. After removal of the surnatant solvent, the opal was dried at 308 K for 24 h, then placed in a vial and further dried in vacuum ( . After impregnation, samples were kept in a thermostatic chamber at 308 K for 24 h in order to complete the sol-gel transition and, finally, they were heated (10 • C/ h) at 1073 K for 4 h in flowing O 2 (30 cm 3 /min).
The sample morphology was analyzed by SEM, using a Vega TS5136 XM Tescan microscope in a high-vacuum configuration. The electron beam excitation was 30 kV at a beam current of 25 pA and the working distance was 12 nm. In this configuration the beam spot was 38 nm. Previous to the SEM analysis, samples were gold-sputtered.
HRTEM analysis was performed at 300 kV using a Jeol 3010 apparatus with a high-resolution pole piece (0.17 nm point-to-point resolution), equipped with a Gatan slowscan 794 CCD camera. Elemental composition was determined by an Oxford Instruments EDS microanalysis detector (Mod. 6636). Glass samples were ground in an agate mortar and the resulting fine powder suspended in isopropanol. A 5 μL drop of this suspension was deposited on a holey carbon film supported on 3 mm copper grid for TEM investigation.
Ce 3+ EPR spectra were recorded at 4.2 K on inverted opal samples by a conventional Bruker EMX spectrometer operating at the X band frequency, equipped with an Oxford cryostat operating in the 4.2÷373 K temperature range. The g values were measured by using diphenylpicrylhydrazyl (DPPH) as standard.
The luminescence decay curves in the UV region were measured at room temperature exciting at 290 mm with the second harmonic of a dye laser (using Rodamine 6G as the dye) pumped with the second harmonic (532 nm) of a pulsed Nd-YAG laser. A fiber optic probe was employed to collect the emission. The signal was analyzed by a half-meter monochromator equipped with a 150 lines/mm grating. A GaAs photomultiplier and a digital oscilloscope were used to measure the emission decay curves. The decay times were obtained from the emission decay curves using a deconvolution procedure which takes into account the shape and the duration of the excitation pulse.
RESULTS AND DISCUSSION
The micro-structural characterization of inverted opal Cedoped SG (Ce : Si molar ratio 1 · 10 −3 ) was performed by SEM and HRTEM. Figure 1 shows representative SEM and HRTEM micrographs obtained for opals of 350 nm latex microspheres. The figure clearly shows the structure of bridges and junctions of amorphous silica surrounding a regular array of circa 280 nm diameter hollow spheres, about 20% smaller than that of the template spheres, due to the shrinkage of the glass matrix. The SEM pictures show the large extension and homogeneity of the sample architecture (Figure 1(a) ). HRTEM analysis demonstrates that, at the conditions of the preparation procedure, the silica matrix is amorphous and no undesired segregation of nanocrystalline CeO 2 occurred in inverted opal Ce-doped SG samples (Figure 1(b) ). The latter behavior is different from that of monolithic Ce-doped SG prepared by sol-gel method with the same RE content [10, 11] , even if it cannot be excluded that CeO 2 particles too small to be detected are present. As the elemental analyses demonstrated that no cerium was lost during sample preparation, it appears that the tendency of CeO 2 to segregate in the nanosized bridges and junctions of the inverted opal SG matrix is inhibited, favoring RE dispersion.
The EPR analysis of the paramagnetic Ce 3+ centers was performed at 4.2 K. In fact, no resonance lines were detected above 20 K, due to the rapid relaxation time T 1 which broadens the line width (line width ∝ T −1 1 ), according to the behavior of most lanthanides [21] with the exception of S-state ions with a half-field subshell 4f [7] . EPR spectra of inverted opal Ce-doped SG showed a complex signal spanning about 10 4 G and consisting of several overlapped broad resonances (Figure 2(a) ).
The assignment of particular sets of lines to well-defined Ce 3+ centers is not easy, as the wave function of the 2 F 5/2 ground state results, for a specific crystal field symmetry, from the linear combination of the |M j = ±1/2 , |M j = ±3/2 , and |M j = ±5/2 eigenfunctions [22] . Thus the experimental g-tensors values for Ce 3+ can vary in a wide range of values [23] [24] [25] [26] , in particular in amorphous hosts where the paramagnetic centers experience several and differently distorted symmetry fields. In a previous paper [11] on monolithic Ce-doped SG prepared by sol-gel method, we suggested that the resonances at g 1 = 1.57, g 2 = 1.20, g 3 = 0.85 could be attributed to a single species in orthorhombic symmetry (species A in Figure 2 ), as g values are very similar to those reported by Yamaga et al. [23] for a Ce-doped LiCaAlF 6 single crystal. Besides, the weaker overlapped lines at low magnetic field, ranging from g ∼ 10.5 to g ∼ 3, were due to different Ce 3+ species [11] and in particular the values g ∼ 3.4 and g ∼ 4.4 are reminiscent of the g zz components reported by Misra et al. [24, 25] −3 molar ratio) were studied by measuring the emission decay curve at room temperature of the Ce 3+ allowed 4d-5f transition (λ exc = 290 nm; λ em = 415 nm). The emission decay time (τ) obtained from the emission decay curve, shown in the semilog plot of Figure 3 , using a deconvolution procedure, is 47 ± 2 ns. This value was very similar to that reported for Ce 3+ in silica glass [27] and that found for monolithic Ce-doped SG prepared by sol-gel method [11] . This confirms that the observed luminescence is really due to Ce 3+ centers and indicates that the environment of Ce 3+ ions is similar in both inverted opal and monolithic host matrices, as suggested by EPR investigation.
CONCLUDING REMARKS
Inverted opal Ce-doped SG (Ce : Si molar ratio 1 · 10 −3 ) was prepared by a sol-gel method using a latex opal as template, which allowed a single-step introduction of the rare earth in the silica matrix.
Morphological and structural characterizations showed the absence of undesired segregation of CeO 2 , which affected monolithic Ce-doped SG with the same RE content, indicating a homogeneous dispersion of RE in the matrix. This suggests that the nanometric dimensions of the bridges and junctions, which constitute the architecture of the inverted opal host matrix, favor the RE distribution avoiding the possible aggregation of CeO 2 .
The silica matrix environment of the luminescent Ce 3+ centers does not significantly change in the inverted opal structure with respect to monolithic samples.
